We fabricated Pt bottom electrodes on SiO 2 /Si and ZrO 2 /SiO 2 /Si substrates by DC magnetron sputtering. The residual stress of the Pt layers deposited on SiO 2 and ZrO 2 /SiO 2 diffusion barrier layers was measured by an X-ray diffractometer (XRD). The Pt layers deposited at 400
Introduction
There has been increasing interest in ferroelectric lead zirconate titanate (PZT) films for applications in piezoelectric devices. Many potential applications require a film thickness above 10 µm for realizing devices of increased force, sensitivity and stability. Integrated circuits or components using piezoelectric thick films are useful as microsensors and actuators in various applications, such as in the medical, military, telecommunication, motor vehicle and office automation industries. 1, 2) In particular, the combination of a screen-printed PZT thick film and Si substrate allows the return of inexpensive fabrication technology and offers the possibility of fabricating films of a wide thickness range for microdevices because it offers the possibility of Si micromachining and onechip devices with integrated driving circuits. 3) It is almost impossible to produce films of thickness greater than 10 µm using thin film processing methods such as solgel, sputtering and chemical vapor deposition (CVD).
3) It is very difficult to fabricate screen-printed PZT thick films on Si substrates because of the volatility of PbO and the interdiffusion of Si and Pb through the bottom electrode during sintering at a normal temperature (such as above 1200
• C). Thus, many researchers have used Al 2 O 3 substrates. 1, 2, [4] [5] [6] The fabrication of screen-printed PZT thick films on Si substrates is not well understood. Koch et al. 3, 8) studied screen-printed PZT thick films with a cermet gold electrode on a 500-nmthick SiO 2 film deposited on a Si substrate, but they achieved approximately 30% of the piezoelectric constant, d 33 , of the bulk PZT. We have studied the interdiffusion barrier layers Table I . Nomenclature of the samples subjected to different processing conditions.
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estimated using the following equations. 9) such as Pt, SiO 2 , SiN x , MgO and ZrO 2 . We confirmed that their thin films, specially Pt/ZrO 2 /SiO 2 thin films, could protect the interdiffusion between Si and PZT at 950 • C. 7) In this study, sputtered Pt bottom electrodes were deposited on SiO 2 or ZrO 2 /SiO 2 thin films which were coated on Si substrates, to minimize the interdiffusion between Si and Pb. Residual stresses of Pt films on these oxide thin films were analyzed with an X-ray diffractometer (XRD). Then, PZT thick films were coated on these Pt thin films by screen printing, and the ferroelectric and the piezoelectric properties were measured.
Experimental Procedure
Two kinds of diffusion barrier layers: ZrO 2 (1500 Å)/ SiO 2 (6000 Å) and SiO 2 (6000 Å), were used in this study. SiO 2 thin films were deposited on (100) Si substrates at 400
• C by low pressure chemical vapor deposition (LPCVD), and ZrO 2 thin films were deposited on SiO 2 /(100) Si substrates by sol-gel spin coating and dried at 450
• C. The samples were annealed at 750
• C or 950
• C for 10 min to study the annealing effects on the performance of the diffusion barrier layers. Pt bottom electrodes (4000 Å) were deposited by DC magnetron sputtering at 400
• C or room temperature with a power of 25 W on the various diffusion barrier layers by DC magnetron sputtering. Table I summarizes the processing conditions and nomenclature for the samples having different diffusion barrier layers and Pt electrodes. The residual stress of the Pt layers was measured using an XRD. The sin 2 technique was employed for 6 angles of tilt for one reflection of Pt (111) at nominally 39.9
• (1.2 Å). The residual stress was
(1)
where, σ φ = in-plane surface stress component, φ = rotation angle parallel to the sample surface, = incident beam tilt angle normal to the sample surface, E = mean value of the modulus of elasticity, ν = Poisson's ratio, 2θ n = the observed value (in radians) of the diffraction angle in the "normal" measurement ( = 0), 2θ i = its value in the inclined measurement ( = ). σ φ represents the slope where 2θ is a linear function of sin 2 . The data for Pt electrodes were bulk data: Young's modulus of 170 Gpa and Poisson's ratio of 0.39.
PZT paste was made by mixing 43 g PZT powder, 20 g an organic vehicle (DJB-7401), 15 g alpha-terpineol, 1 g dispersing agent and 15 g toluene using a 3-D roller and a conditioning mixer (MX-201, Thinky Co., Ltd). We used an ethylene cellulose organic vehicle system. The average particle size of PZT powder was 2.0 µm and the viscosity of the PZT paste was 350,000 cps at room temperature and 5 rpm. 30-µm-thick films were coated on the Pt bottom electrodes by repeating the coating procedure 4 times and using a 200 mesh stainless steel screen. The films were dried at 150
• C for 10 min after each coating and then sintered in a 925
• C tube furnace for 30 min. Figure 1 shows a cross-sectional view of PZT thick films patterned for measuring the residual stress developed in Pt bottom electrodes. The residual stress was measured on the Pt electrode in position 1 shown in Fig. 1 . Pt top electrodes were sputter deposited at room temperature on the PZT thick films. Dielectric permittivity and loss were measured using an impedance analyzer (HP4192), and P-E hysteresis loops were measured using an RT66A-HVI system (Fig. 2) . The PZT thick films were poled at 3 MV/m and 150
• C for 0.5 h. The piezoelectric coefficient, d 33 , of the films were measured by normal load method 14) in which 0.3N load was applied on a PZT film and the created charges were noted. Figure 3 shows the typical XRD patterns of the diffusion barrier layers that were annealed at various temperatures for 10 min. ZrO 2 films on SiO 2 /Si substrates crystallized over 750
Results and Discussions
• C, but SiO 2 films on Si substrates did not crystallize even at 950
• C within the detection limit of the XRD. Figure 4 shows definition SEM images of the surface microstructures of the samples annealed at 750
• C and the Pt films deposited at two different temperatures. The ZrO 2 film consists of grains several tens of nanometers in size, but the annealing temperature of the sample increased, the grain growth was observed for the ZrO 2 films. The grains of the Pt film were slightly larger on the ZrO 2 /SiO 2 film than on SiO 2 film when they were deposited at 400
• (5). However, the measured total residual stress (few Gpa) was more tensile than the thermal stress expected from eq. (5). Therefore, there seem to be additional contributory sources to the stress in the Pt films deposited at 400
• C. Matsui et al. 10) believed that the Pt films prepared at high temperatures are anisotropically contracted perpendicularly to the substrate, which would enhance the tensile stress because the full width at half-maximum of the rocking curve of the (111) diffraction line of Pt ( W 111 ) decreased as the deposition temperature increased, which indicates that the Pt film has a columnar texture with a preferential (111) orientation. In our results, however, the total residual stress did not tend to increase as the full width at half-maximum of the rocking curve of the Pt ( W 111 ) decreased (Fig. 6 ). It may be speculated that the compressive stress of the Pt films deposited at room temperature is caused by the "atomic peening effect, 11) " in which the bombardment of the film surface by energetic particles increases the compressive stress of the film. Furthermore, the tensile residual stress of the Pt films deposited at 400
• C is caused by the decrease of the atomic peening effect with the increase in the mobility of the Pt atoms, the increase of thermal tensile stress and the increase of "grain boundary relaxation effect". 12) The grain boundary relaxation effect explains that the interatomic attractive forces acting across the gaps between contiguous grains cause elastic deformation (relaxation) of the grain wall. The grain boundary deformation is balanced by the intragrain tensile forces imposed by the constraint exerted by the adhesion of the film to the substrate. 13) The equation for the tensile intrinsic stress, expressed in terms of the ionic radius, grain size and elastic properties, is
where E/(1 − v) is the biaxial Young's modulus, θ is the mean crystallite diameter (grain size), P is the packing density of the film and r is the ionic radius. The grain boundary relaxation model predicts an inverse dependence on the grain ZrO 2 /SiO 2 was under a low tensile residual stress. However, all the Pt films deposited at room temperature were under compressive residual stress. These observations are consistent with earlier studies of Matsui et al. 10) who reported that the Pt film deposited at room temperature was under compressive stress, and the residual stress became tensile stress as the deposition temperature increased. Total residual stress can be expressed as the sum of thermal stress and intrinsic stress, following eq. (4), and the thermal stress is expressed by eq. (5).
The residual stress of the Pt films is presented in Fig. 5 . The Pt film deposited on the SiO 2 film at 400
• C was under a relatively high tensile residual stress, and the Pt film on tion 1 in Fig. 1 ) around the patterned PZT thick film should be compressive. On the other hand, the residual stress of the Pt film on SiO 2 (S7P4) did not changed to compressive. This may be because of the stress relaxation which occurred due to the partial separation between the Pt film and SiO 2 film under the PZT thick film as shown in Fig. 7(a) . Figure 9 shows the polarization-electric field hysteresis Figure 7 shows SEM images and energy-dispersive spectrometer (EDS) line scanning data of Pb and Si of the fractured surfaces of the PZT/Pt/SiO 2 /Si and the PZT/Pt/ZrO 2 /SiO 2 /Si samples. The PZT thick films showed fairly dense microstructures consisting of a few micro-sized grains. There were some portions at which the Pt electrode was separated from the SiO 2 (6000 Å) layer for the PZT/Pt/SiO 2 /Si sample [ Fig. 7(a) ]. On the other hand, the Pt film on the ZrO 2 (1500 Å)/SiO 2 (6000 Å) sample showed good adhesion and barrier properties for interdiffusion [ Fig. 7(b) ]. It appears that ZrO 2 layer plays a great role of an adhesion layer similar to the Ti film because the thermal expansion coefficient (5 × 10 Figure 8 shows the residual stress of the Pt bottom electrodes (position 1 in Fig. 1 ) measured again by XRD after the PZT thick film was sintered at 925
• C. The residual stress of the Pt films increased after annealing at 950
• C (near PZT sintering temperature) without a PZT thick film. However, the residual stress of the Pt film on ZrO 2 /SiO 2 (SZ7P4) film changed to compressive after the PZT thick film was sintered. The PZT thick film may be subjected to experience compressive stress during cooling process after sintering because the thermal expansion coefficient (about 5 × 10 −6 deg −1 ) of the PZT thick film is smaller than that of Pt (8.85 × 10 −6 deg −1 ), and the Pt film under the PZT thick film should be tensile stressed. Therefore, the residual stress of the Pt film (posisize. 13) Figure 4 shows that the grain size of the Pt film on ZrO 2 /SiO 2 is larger than that on the SiO 2 film. Therefore, the Pt film on the ZrO 2 /SiO 2 film has a lower tensile stress because of a low grain boundary relaxation effect. loops of the PZT thick film deposited on Pt/ZrO 2 /SiO 2 and Pt/SiO 2 buffer layer. The remenant polarization (P r ) of the PZT thick film on the Pt/ZrO 2 /SiO 2 was higher than on Pt/SiO 2 because the Pt/ZrO 2 /SiO 2 film had quite enough of adhesion and barrier properties for interdiffusion as shown in Fig. 7(b) . The remanent polarization and coercive field of the PZT thick film on Pt/ZrO 2 /SiO 2 buffer layer (SZ7P4) were 13 µC/cm 2 and 8.5 kV/cm, respectively. On the other hand, the PZT thick film on Pt/SiO 2 buffer layer (S7P4) were 7.5 µC/cm 2 and 10.5 kV/cm, respectively. The dielectric permittivities, ε r , the dissipation factors, tan δ, the breakdown fields and piezoelectric constant, d 33 , of the PZT thick films with the ZrO 2 /SiO 2 layer (SZ7P4) or Pt/SiO 2 layer (S7P4) were measured and the results are summarized in Table II . The ε r and tan δ were measured under 1 KHz-0.1 V. The PZT thick film was poled at 3 MV/m and 150
• C for 0.5 h. The piezoelectric coefficient, d 33 , was measured by normal load method.
14) These values were not inferior to those for PZT bulk ceramic materials 15) and other thick films.
3)
Conclusion
The Pt/ZrO 2 /SiO 2 buffer layer system had a lower tensile residual stress and a thicker diffusion barrier than the Pt/SiO 2 buffer layer system, and ZrO 2 film resulted in a higher adhesion and thicker diffusion barrier layer without peeling off. 30-µm-thick PZT films were fabricated on Si wafers by screen printing. The PZT thick film on Pt/ZrO 2 /SiO 2 buffer layer (SZ7P4) showed the remanent polarization, coercive 
